We focused on a particularly well exposed sequence of shieldbuilding lavas in the Punaruu Valley, on the western side of Tahiti Nui. Combined K-Ar ages and magnetostratigraphic boundaries allow high-resolution age assignments to this -0.7-km-thick flow section. We identified an early period of intense volcanic activity, from 1.3 to 0.9 Ma, followed by a period of more intermittent activity, from 0.9 to 0.6 Ma. Flow accumulation rates dropped by a factor of 4 at about 0.9 Ma. This change in rate of magma supply corresponds to a shift in activity to Tahiti Iti. We calculated the composition of the parent magma for the shieldbuilding stage of volcanism, assuming that it was in equilibrium with Fo89 olivine and that the most primitive aphyric lavas were derived from this parent by the crystallization of olivine alone. The majority of the shield lavas represent 25 to 50% crystallization of this parent magma, but the most evolved lavas represent about 70% crystallization. From over 50 analyzed flow units we recognize a quasi-periodic evolution of lava compositions within the early, robust period of volcanic activity, which we interpret as regular recharge of the magma chamber (approximately every 25 + 10 kyr). Volcanic evolution on Tahiti is similar to the classic Hawaiian pattern. As the shield-building stage waned, the lavas became more silica undersaturated and isotopic ratios of the lavas became more MORB-like. We propose that the Society plume is radially zoned due to entrainment of a sheath of viscously coupled, depleted mantle surrounding a central core of deeper mantle material. All parts of the rising plume melt, but the thermal and compositional radial gradient ensures that greater proportions of melting occur over the plume center than its margins. The changing composition of Tahitian magmas results from lithospheric motion over this zoned plume. Magmas erupted during the main shield-building stage are derived mainly from the hot, incompatible element-enriched central zone of the plume; late-stage magmas are derived from the cooler, incompatible element-depleted, viscously coupled sheath. A correlation between Pb/Ce and isotope ratios suggests that the Society plume contains deeply recycled continental material.
Early geologic and petrologic studies [Lacroix, 1910; Marshall, 1915; Williams, 1933; DeNeufbourg, 1965; McBirney and Aoki, 1968] established that most Tahitian rocks are moderately evolved alkali basalts and low-pressure fractional crystallization derivatives from them. The latestage, valley-filling lavas are relatively primitive basanitic rocks. An important aspect of these late-stage flows is that they commonly contain ultramafic xenoliths of dunite, harzburgite, wehrlite, and spinel lherzolite [Duncan, 1975; Tracy, 1980] . The plutonic rocks are chemical equivalents of alkali basalts and basanites, but most appear to be related to the posterosional volcanic phase. Lava flows from the deepest stratigraphic level exposed on the island are hypersthenenormative, high-silica basalts, transitional between alkali basalt and tholeiitic compositions [Duncan et al., 1987] . Given the predominance of tholeiitic lavas in the shieldbuilding stage of Hawaiian Islands [Macdonald and Katsura, 1964] and the discovery of tholeiitic compositions in early lavas from the Marquesas [Duncan et al., 1986; Desonie et al., 1993] and Samoan Islands [Natland and Turner, 1985] , it seems possible that submarine portions of the Society islands are also tholeiitic. However, Devey et al. [1990] found no tholeiitic basalts among dredged samples from the young seamounts southeast of Tahiti, so the nature of early volcanism at Society volcanoes remains enigmatic.
Sampling and Field Studies
Most of the samples used in this study (prefix T85-) were collected in 1985 during a joint U.S.-French program of field measurements and sampling. Seven river canyon sections were examined to distinguish shield and valley-filling sequences. We also visited the central region of the island (Figure 1 
Radiometric Age Determinations Timing for Tahitian Volcanism
Shield lavas, valley-filling lavas, and differentiated rocks were selected for K-At age determinations after petrographic examination for degree of alteration and crystallinity. Rocks were trimmed to remove any weathered surfaces, crushed and sieved to --0.5 mm size fraction, and ultrasonically washed in distilled water. A split 0-5 g) was then powdered for K analysis by atomic absorption spectrophotometry. Because xenolithic material contains mantle-derived Ar [Jager et al., 1985] , porphyritic samples were avoided or hand-picked to remove olivine and pyroxene. Ar was extracted and purified from 1 to 5 g whole rock samples by radio frequency (RF) induction heating in high-vacuum glass lines with Ti getters. The isotopic composition of 38At-spiked Ar was measured using an The oldest exposed rocks are from the eroded center of the island. Few of these were fresh enough for dating; zeolites, clays and carbonate have replaced much of the groundmass and olivine phenocrysts. Two of the freshest samples, however, gave ages of 1.67 + 0.05 and 1.12 + 0.03 Ma. Both samples produced low total oxides (-96 wt. %), indicating some replacement of igneous phases with hydrous alteration phases. This is a concern because of possible radiogenic 40Ar loss and/or K mobilization, both of which would disrupt the K-Ar system. The K contents of these samples, however, are concordant with overall variation of K20 with MgO within shield lavas, and we conclude that K loss (or addition) has not been significant. Radiogenic 4OAr loss is probable but harder to evaluate without additional age determinations from the central section of lavas. Hence we view the 1.67 Ma age as approximate, but it is probably a minimum age given the likelihood of some Ar loss. This section is cut by a dike of Tables A1-A4 (major  and trace Trace element concentrations were determined by XRF, DCP, and inductively coupled plama mass spectrometry (ICPMS) at Cornell University and are presented in Table A3 . Sr, Nd, and Pb isotopic compositions were determined for a number of samples (Table A4) . Values for interlaboratory standards and estimates of analytical uncertainty based on replication of those standards are given. In addition to samples collected in 1985, we include in this table several samples obtained from the Smithsonian Institution. Most samples were analyzed on a VG Sector mass spectrometer at Cornell using methods described by White et al. [1990] . A few were run on a VG Sector 54 mass spectrometer at Cornell using essentially identical methods. We analyzed two samples (T85-41 and T85-19) also analyzed by Cheng et al. [1993] . Our Nd isotopes ratios agree well with those they reported, and our 87Sr/86Sr ratio for T85-41 (after leaching) agrees exactly with the ratio they report. Our 87Sr/86Sr ratio for T85-19 is about 0.00004 less than the value they report. The difference may reflect slight contamination; we leached samples before analysis, but Cheng et al. did not. The Pb isotope ratios we determined for T85-41 are significantly lower than the values reported by Cheng et al. [1993] . The difference may also reflect slight contamination that was removed by leaching in our procedure. Alternatively, it may reflect a difference in the way the fractionation correction was performed or an interlaboratory bias. Rare earth patterns are shown in Figure 5 . With the exception of T85-102, the most rare earth rich sample, the patterns are remarkably similar despite the wide variation in major element and isotopic (see below) composition of these samples. All samples are strongly light rare earth enriched and have steep middle and heavy rare earth patterns, as reported for all volcanoes in the Society hotspot lineament [Dostal et al., 1982] . Assuming the heavy rare earth pattern of the source is flat or nearly so, the steep heavy rare earth pattern and the low concentrations of the heavy rare earth elements suggest that these magmas were generated in the garnet stability field. T85-102 is a mugearite whose high overall abundance of rare earths and light rare earth enrichment is undoubtedly a result of extensive fractional crystallization. Three observations suggest that the K depletion is not related to weathering. (Table A1) The model requires that a number of initial conditions be specified: the composition of the parent magma, the oxygen fugacity within the magma chamber, and the processes operating within the magma chamber. The processes include: (1) homogeneous fractional crystallization with no recharge or eruption, which is depicted in Figures 3 and 4; (2) magma chamber recharge; and (3) eruption from the magma chamber. If processes (2) and (3) are permitted, then assumptions about their timing and the relative proportions of crystallization and eruption relative to recharge are required. In the models discussed here, recharge is assumed to occur after an amount of crystallization (for example, 10, 20, or 30%) within the magma chamber. However, the amount of crystallization between recharge events is allowed to vary in a Gaussian distribution about these specified values. requires an MgO content of the parent magma of 13 to 14.2 wt. %. Other oxide abundances within this parent magma can be estimated (Table 2 ) by examining MgO-oxide variation diagrams (such as Figure 4b) . The chemical differences between the main shield-building phase of volcanism and the late-stage volcanism suggest that there was a change in composition of the parent magmas for the two series. These differences are obvious in Figures 3 and 4 with the late-stage basanites having lower SiO2 and higher FeO and K20 than do the shield-building alkali basalts. The estimated parent magmas for the shield and late-stage basalts are given in Table 2 .
Geochemistry' Methods and Results

Geochemical data in supplementary
The oxygen fugacity of the magma chamber is also important for these models because it controls the appearance of magnetite, which when fractionated strongly affects the SiOn, TiO:, and FeO abundance of the lavas (Figures 3 and 4) . In Figure 3 the liquid line of descent is shown for magmas buffered at two oxygen activities. In the more oxidized magma, magnetite starts to crystallize shortly after pyroxene, resulting in a nearly continuous increase in silica with increasing differentiation. In the less oxidized magma, magnetite formation is delayed so the crystallization sequence of olivine, olivine plus pyroxene, and olivine plus pyroxene plus magnetite results in a zigzag path of silica abundance (Figure 3 ). These models indicate that the oxygen fugacity decreased as the shield-building volcanism gave way to latestage volcanism. This supports our hypothesis (developed below) that the mantle source of the Tahitian magmas evolved from OIB or plume (more oxidized [Ballhaus, 1993] 
) to a MORB or upper mantle source (less oxidized).
The computer model calculates the composition of the residual liquid for every 0.2% crystallization. These calculated compositions should be compared with the liquids erupted from the magma chamber. The compositions of the lavas that we report, however, include phenocrysts, so we cannot make a direct comparison of the calculated liquids from the models with these bulk rock compositions. We have therefore determined the modal abundance of phenocrysts (by point counting) for most of the Punaruu Valley basalts and corrected the bulk rock chemistry accordingly. The effect of this correction on K:O can be seen in Figure 11 . The most evolved magmas (with the highest K:O) also tend to have the highest phenocryst abundance so that the variation in matrix K20 (heavy line, Figure 11 ) has the same pattern as that for the bulk rock K:O (light line, Figure 11 ) but a larger amplitude.
The majority of the Punaruu Valley lava flows that we examined (46 samples in about 700 m of section) erupted over 300,000 years. They may be considered a random sample of the magmatic system at approximately 6500-year intervals. Our models have assumed a single magma chamber erupting and recharging over this period, but we cannot dismiss the possibility of several independent chambers operating contemporaneously or in sequence. However, we see no longterm trends in composition of the majority of Punaruu lavas, although there is a significant increase in P:O 5 in the youngest lavas, consistent with the shift to more alkalic lavas at about 0.9 Ma.
The presence of 23 lavas within the Jaramillo reversed period (about 50,000 years) suggests that these eruptions occurred, on average, every 2000 years. Within this 50-kyr period there are three series of four or more lavas, characterized by a progressive increase in K20 followed by a sudden decrease in K20. These series may represent episodes of magma chamber shrinkage followed by recharge, with mean duration of 15,000 to 20,000 years. Leotot et al. [1990] documented a similarly detailed history of eruptive cycles in the construction of the western portion of Tahiti Iti, each lasting approximately 13,000 years.
We have modeled steady state magma chamber processes (Figure 11 ) and found that the ratio of crystallization to eruption (C/E) determines the average level of differentiation of the steady state lavas. This point is illustrated (Figure 1 l a,  right panel) Another feature of the steady state models is that high C/E corresponds to a slow approach to the steady state abundance of K20. The full scale in the right panel of Figure 11a represents 800% crystallization of the magma chamber (eight magma chamber volumes), and K20 abundance reaches a steady state value of about 3.2 wt. % when C/E = 4 only after about 800% crystallization. For a C/E = 1 the steady state value is approached after about 200% crystallization. Since crystallization plus eruption equals recharge (C + E = recharge), the models 1, 2, and 4 (Figure 1 la) reach a steady state after recharge volumes that are 4, 6, and 10 times the volume of the magma chamber. The best fit average K20 abundance in the Punaruu section (after correction for phenocryst content) appears to be for models where C/E =1 to 2 (Figure 1 la) , in which 50 to 67% of the recharged magma crystallizes in the magma chamber and the remainder erupts. These models match the average K20 abundance, but the amplitude of the K20 variations in the steady state magma chamber (Figure 1 l a, right panel) is much smaller than the observed variations of K20 (Figure 1 l a, left panel) .
In the three models of Figure 1 l a, the average amount of crystallization between recharge events was 20%, which results in an average amplitude of variation of K20 between recharge events of 0.2 to 0.4 wt. %. The amount of crystallization between recharge events varied randomly about this 20% value, simulating an unsteady recharge of the magma chamber and irregular variation in magma chamber chemistry. For the 10% model to apply to the Punaruu section, successive magmas must have sampled the chamber at intervals separated by large amounts of crystallization. The 23 lavas within the Jaramillo reversed period suggest that these magmas erupted in rapid sequence and therefore do not represent eruptions separated in time by large amounts of crystallization and magma chamber recharge. They are therefore probably derived from a magma chamber that expressed a wide range of crystallization over a short period of time, as is illustrated by the model with 30% crystallization between recharge events.
The Temporal Evolution of Tahitian Volcanism
An important feature of Tahitian rock compositions is the systematic variation in time that is apparent in isotope ratios and major element chemistry. As lava chemistry became increasingly silica undersaturated, the Sr and Nd isotope ratios shifted toward more depleted, more MORB-like, signatures. In light of this, the lack of systematic variation in incompatible element abundances or ratios is remarkable. The changes in 87Sr/86Sr and oeNd imply that the mantle source became more depleted in incompatible elements with time, which should be reflected in the incompatible element abundances of the lavas if all other factors remain constant. The only reasonable inference that can be drawn from the constancy of incompatible element ratios such as La/Sm is that the degree of melting must have decreased through time.
To Conductive heat loss from the plume to the boundary layer causes further reduction in viscosity contrast and increases the buoyancy of the boundary layer material [Griffiths, 1986] .
Thus the plume will continuously entrain surrounding mantle as it rises, so that material closest to the plume core will have been entrained from the deepest levels, while the outer part is entrained at relatively shallow levels (Figure 14) . This produces, in plan view, a concentrically zoned hotspot, with the most plume-like material in the center, followed by lower and upper mantle material with increasing radius. The entire Temperatures in the surrounding incompatible element depleted and less radiogenic material, entrained through viscous coupling and heating by the rising plume, decrease radially away from the central core. In the main shield phase, magmas contain a relatively large fraction of high-degree melts derived from the plume core. In the late stage, the contribution from the core is small, and the bulk of the magmas is derived by smaller extents of melting of the cooler margins.
MAIN
rising structure will pass through the P,T conditions for melting in the upper mantle; however, temperatures in the peripheral material will remain substantially below that of the plume core, so that the entrained mantle will melt to a lesser degree than the initial plume mantle. This melting range is reinforced by the fact that upper mantle, being more depleted in incompatible elements, will melt less at a given temperature than will plume mantle. We assume that the volcano is located directly over the plume core during its most vigorous period of growth in the early shield stage (central lavas). As the volcano is transported away from the plume by plate motion, small- There are two factors that may explain this predominance of alkali basalts. First, because they reflect higher timeintegrated Rb/Sr and Nd/Sm, the isotopic data require that the Society plume source has been more enriched in incompatible elements, including K and Na, than the Hawaiian plume source.
Thus even at similar concentrations of SiO 2, Tahitian magma compositions will be more alkalic than Hawaiian magmas. Second, the Society plume has a significantly lower buoyancy flux than does the Hawaiian plume [Sleep, 1990] . This may indicate that the Society plume is cooler than the Hawaiian one. If so, the degree of melting will generally be lower. Magmas produced by lower degrees of melting are typically poorer in SiO 2 and richer in alkalis and hence will be more alkalic than higher-degree melts.
We now return to the lack of correlation between Pb isotope ratios and Sr and Nd isotope ratios. This observation would seem to rule out the simple two-component mixing model proposed here. However, we emphasize that the total range in Pb isotope ratios in Tahiti 
Conclusions
The ages of the subaerial lavas at the island of Tahiti, which make up about 2% of the volume of the volcanic system, range from 1.7 to 0.2 Ma. The majority of these lavas appear to have erupted between 1.3 and 0.9 Ma. This episode was followed by a period of less voluminous posterosional eruptions. Through the construction of the volcano the lava compositions changed from tholeiitic and alkalic basalts to basanites, while corresponding Sr and Nd isotopic ratios changed to more depleted values. We interpret these trends to indicate that the mantle source for melting changed from a predominantly plume composition to depleted upper mantle with time. We propose that a compositional zonation occurs across the Societies hotspot, as a result of entrainment of depleted mantle around the rising plume. During the vigorous shield-building phase of volcanism the magma chamber was recharged at intervals separated by about 30% crystallization of the magma chamber. More than three recharge events are observed during the 50,000 year Jaramillo (magnetic normal) period, suggesting that these events occurred roughly 20,000 years apart.
